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In metazoa, nuclear pore complexes (NPCs) are
assembled from constituent nucleoporins by two
distinct mechanisms: in the re-forming nuclear enve-
lope at the end of mitosis and into the intact nuclear
envelope during interphase. Here, we show that the
nucleoporin Nup153 is required for NPC assembly
during interphase but not during mitotic exit. It func-
tions in interphasic NPC formation by binding
directly to the inner nuclear membrane via an N-ter-
minal amphipathic helix. This binding facilitates the
recruitment of the Nup107-160 complex, a crucial
structural component of the NPC, to assembly sites.
Our work further suggests that the nuclear transport
receptor transportin and the small GTPase Ran regu-
late the interaction of Nup153 with the membrane
and, in this way, direct pore complex assembly to
the nuclear envelope during interphase.
INTRODUCTION
Nuclear pore complexes (NPCs) are gatekeepers of the nucleus.
They restrict the diffusion of proteins and nucleic acids between
the cytosol and nuclear interior and enable tightly controlled
transport between these compartments (Wente and Rout,
2010). Nuclear import of soluble proteins is mediated by trans-
port receptors that bind cargo proteins in the cytosol. This
interaction massively enhances the passage of otherwise inert
cargos through NPCs. In the nucleoplasm, transport receptors
are detached from cargos by binding to the small GTPase Ran
in its GTP-bound form. The RanGTP-transport receptor com-
plexes then traverse the NPC in the opposite direction. RanGTP
hydrolysis at the cytoplasmic side of the NPC frees transport
receptors, which are able to act in another round of the cycle.
Despite their enormous size and flexibility with regard to
transport substrates, NPCs are composed of only about 30
different proteins, nucleoporins, present in multiple copies (BuiDevelet al., 2013). They can be roughly categorized into structural
nucleoporins, which form the scaffold of the pore, and those
responsible for the transport and exclusion functions of the
NPC. Nucleoporins of the latter class are characterized by a
high number of phenylalanine glycine (FG) repeats that form a
meshwork within the pore. A stack of three rings forms the
NPC scaffold. The middle ring is laterally linked to the pore
membrane and connected to the central transport channel
formed mostly by the FG nucleoporins. The cytoplasmic and
nucleoplasmic rings are connected to cytoplasmic filaments
and the nuclear basket structure, respectively.
Most structural nucleoporins are part of one of two evolu-
tionarily conserved subcomplexes within the pore. The Nup93
complex (Nic96 complex in yeast) forms a large part of the inner
ring and connects the pore membrane to the central transport
channel (Vollmer and Antonin, 2014). The Nup107-160 complex
(Nup84 complex in yeast) forms the cytoplasmic and nucleo-
plasmic rings (Bui et al., 2013) and is, because of its Y shaped
structure (Lutzmann et al., 2002), also referred to as Y-complex.
This complex is related to vesicle coats and presumably stabi-
lizes the curved pore membrane of the NPC (Brohawn et al.,
2008). Connected to the nucleoplasmic ring is the nuclear
basket, a fish trap-like structure extending to the nuclear interior.
Inmetazoans, three nucleoporins localize to the basket, Nup153,
Nup50, and TPR (Cordes et al., 1997; Guan et al., 2000; Suke-
gawa and Blobel, 1993), the best characterized being Nup153.
Nup153 possesses a tripartite structure (Ball and Ullman,
2005). The N-terminal region is important for NPC targeting
(Bastos et al., 1996; Enarson et al., 1998), most likely because
it mediates binding to the Y-complex (Vasu et al., 2001). A central
zinc-finger-containing domain interacts with Ran (Nakielny et al.,
1999). The C-terminal FG-repeat-containing region provides
binding sites for a variety of transport receptors (Moroianu
et al., 1997; Nakielny et al., 1999; Shah and Forbes, 1998;
Shah et al., 1998). Because of its localization at the nucleo-
plasmic exit site of NPCs as well as its interactions with transport
receptors and Ran, Nup153 is thought to assist in the dissocia-
tion of import cargo-transport receptor complexes and thus
facilitates nuclear import cycles. Indeed, Nup153 depletion re-
duces importin a/bmediated import (Ogawa et al., 2012; Walther
et al., 2001). Nup153 is also important for mRNA export fromopmental Cell 33, 717–728, June 22, 2015 ª2015 Elsevier Inc. 717
the nucleus (Bastos et al., 1996; Ullman et al., 1999). Although
Nup153 is essential in C. elegans and HeLa cells (Galy et al.,
2003; Harborth et al., 2001), no homologs have been found in
yeast species. Nonetheless, yeast nucleoporins (such as Nup1
and Nup60 in S. cerevisiae, Nup124 in S. pombe) might share
functional and sequence features with Nup153 (Cronshaw
et al., 2002; Hase and Cordes, 2003; Varadarajan et al., 2005).
While significant progress has been made in understanding
how NPCs function in nuclear transport, elucidating the NPC
formation pathway remains a formidable task. In metazoa,
NPC assembly occurs at two different stages of the cell cycle:
at the end of mitosis and during interphase. During mitotic exit,
NPC assembly is concomitant with the formation of a closed
nuclear envelope (NE). The early steps of postmitotic NPC for-
mation, such as the recruitment of a subset of nucleoporins to
the chromatin, are particularly well characterized due to their
faithful reconstitution in Xenopus egg extracts. Assembly is initi-
ated by MEL28/ELYS, a chromatin binding nucleoporin, which
recruits the Y-complex (Franz et al., 2007; Gillespie et al.,
2007; Harel et al., 2003; Rasala et al., 2006, 2008; Rotem et al.,
2009; Walther et al., 2003a). Interphasic NPC assembly in meta-
zoan is relatively poorly characterized. It takes place under
fundamentally different conditions. Whereas large numbers of
NPCs form in a short time span during mitotic exit, NPC assem-
bly events in interphase are rare and sporadic (D’Angelo et al.,
2006; Dultz and Ellenberg, 2010). Both assembly pathways
require the Y-complex as an essential structural component of
the NPC (D’Angelo et al., 2006; Doucet et al., 2010; Harel
et al., 2003;Walther et al., 2003a). However, while the Y-complex
is recruited to the chromatin by MEL28 at the end of mitosis, a
feature essential for postmitotic NPC assembly, MEL28 is not
required for interphasic NPC assembly (Doucet et al., 2010). It
is possible that NPC assembly during interphase is rather initi-
ated at the nuclear membranes (Doucet et al., 2010; Dultz and
Ellenberg, 2010; Vollmer et al., 2012), but the precisemechanism
by which this occurs has not been defined.
Here, we show that the nuclear basket component Nup153 is
required for NPC assembly during interphase but not at the end
of mitosis. Nup153 binds the inner nuclear membrane via its
N terminus, a feature that is fundamental for its function in inter-
phasic NPC assembly as it recruits the Y-complex to the assem-
bling pores. Transportin regulates the interaction of Nup153 with
the membrane and thus might direct interphasic NPC assembly
specifically to the NE from inside the nucleus.
RESULTS
Nup153 Interacts via Its N Terminus Directly with
Membranes
Nup153 contains a region within its N terminus that directs it to
the inner nuclear membrane (Enarson et al., 1998). It is possible
that Nup153 is localized to the NE due to interactions with inte-
gral inner nuclear membrane proteins or lamins, proteins that un-
derlay and stabilize the NE, but it could also bind directly to the
lipid bilayer. To test for a direct membrane interaction we incu-
bated the purified recombinant N-terminal region comprising
the first 149 aa of Xenopus laevis Nup153 with small unilamellar
liposomes with a NE lipid composition (Lorenz et al., 2015). Due
to their density, lipid vesicles float up through a sucrose gradient.718 Developmental Cell 33, 717–728, June 22, 2015 ª2015 Elsevier IMembrane binding proteins can be identified in the top fraction
together with the liposomes. This is indeed the case for
Nup153 (Figure 1A) as well as for a Nup133 fragment previously
identified as membrane interacting (Drin et al., 2007). The N-ter-
minal region of Nup153 showed preference for small vesicles
with high curvature independent of lipid composition (Figure 1B).
Sequence analysis of the N terminus of Nup153 identified a
conserved region among vertebrates that might form an amphi-
pathic helix, as depicted in the helical wheel representation
(Figures 1C and 1D). We generated a point mutation (a valine
to glutamate exchange in position 50, V50E) that predictably
disrupts the hydrophobic surface of the helix. Indeed, the V50E
mutation impaired liposome binding in flotation assays (Figures
1A and 1B). To directly visualize the interaction of Nup153 with
membranes, we generated giant unilamellar vesicles (GUVs)
with sizes up to 50 mm using the NE lipid composition. When
the EGFP-tagged N terminus of Nup153 was added to the
exterior of these GUVs, it was efficiently recruited to the vesicle
membrane indicating a direct membrane interaction (Figure 1E).
As a negative control, we employed purified recombinant EGFP,
which did not bind the GUV membrane. Importantly, the V50E
mutant did not bind to GUVs, confirming that the amphipathic
helix is responsible for the membrane binding capacity of
Nup153.
The N-terminal fragment of Xenopus Nup153 fused to EGFP,
when ectopically expressed in HeLa cells, localized to the NE,
presumably the inner nuclear membrane (Figures 1F and S1C).
Overexpression of this fragment induced NE proliferation (Movie
S1), as is typical for nuclear membrane-interacting proteins
(Ralle et al., 2004). Membrane proliferation has previously been
observed for the overexpression of full-length Nup153 (Bastos
et al., 1996). In our experiments, the V50E mutation abolished
NE localization and membrane proliferation. Instead, the protein
localized to the nucleoplasm, indicating that the mutation is suf-
ficient to prevent the interaction of the N terminus of Nup153with
membranes in cells.
To confirm the direct membrane binding of full-length Nup153,
we turned to the human ortholog, due to the low expression yield
of the Xenopus Nup153. Human Nup153 possesses 42% amino
acid identity and 55% similarity with the Xenopus protein. The
fluorescently labeled human Nup153 efficiently bound GUVs
(Figure 1G). The corresponding membrane-binding-deficient
mutation (V47E in the human protein) abrogated the membrane
interaction.
Nup153 Membrane Binding Is Not Required for NPC
Targeting in Mammalian Cells
To understand the functional implication of the direct membrane
interaction, we tested whether nuclear membrane targeting of
Nup153 is required for its incorporation into NPCs. HeLa cells
were transfected with EGFP-tagged full-length human Nup153
as well as the membrane-binding-deficient mutant (V47E).
Both proteins localized to the nuclear rim and showed a typical
punctate pattern (Daigle et al., 2001) on the NE surface (Figures
2A and S2). The pattern overlaps with mCherry-labeled Nup62
but not lamin B, indicating proper NPC localization. Despite its
nuclear rim localization, the V47E mutant exhibited increased
nucleoplasmic staining consistent with an abolished directmem-
brane interaction.nc.
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Figure 1. Nup153 Interacts via Its N Termi-
nus Directly with Membranes
(A) 3 mM of the N-terminal domain (aa 1–149) of
Xenopus Nup153 and the corresponding V50E
mutant fragment, as well as a membrane-inter-
acting fragment of Nup133 and SUMO as positive
and negative controls, respectively, were incu-
bated with 2.5 mg/ml fluorescently labeled 70 nm
NE liposomes and floated through a sucrose
gradient. The top gradient fractions and the start-
ing materials were analyzed by SDS-PAGE and
silver staining.
(B) Binding of the Nup153 N terminus, the V50E
mutant, SUMO, and the Nup133 fragment to
DOPC or NE liposomes of different diameters were
analyzed by flotation experiments and quantified
by western blotting (columns are the average
bound quantities of three or four independent ex-
periments; individual data points are indicated).
(C) Sequence alignment of the N-terminal region of
vertebrate Nup153.
(D) Amino acid sequence of Xenopus Nup153 with
the predicted amphipathic helix in a helical wheel
representation (generated with HeliQuest (Gautier
et al., 2008)). Valine (V) was exchanged to gluta-
mate (E) in the membrane binding mutant, indi-
cated in red. The length of the arrow within the
helix is proportional to the mean hydrophobic
moment (< mH >), which is also indicated as well as
the hydrophobicity (< H >) as calculated by Heli-
Quest.
(E) NE lipid GUVs were incubated with 500 nM
EGFP-tagged Nup153 N terminus, the corre-
sponding V50E mutant, or EGFP alone.
(F) HeLa cells transfected with EGFP-tagged
Nup153 N terminus, the V50E mutant, or EGFP.
Chromatin is stained with DAPI (blue in overlay).
(G) NE lipid GUVs were incubated with Oregon-
green-labeled full-length human Nup153 and the
corresponding V47E mutant.
Bars, 10 mm. See also Figure S1 and Movie S1.Immunoprecipitation from transfected HEK cells demon-
strated that the V47Emutation did not impair known interactions,
namely, to the Y-complex (Nup160 and Nup107) or other nucle-
oporins (Nup50 and TPR), to A/C and B-type lamins, or to com-
ponents of the nuclear import machinery, Ran, importin a and b,
and transportin (Figure 2B). Together these results indicate that
membrane binding is not required for the assembly of Nup153
into NPCs. Furthermore, the V47E mutation does not disturb
the interaction network of Nup153 but rather specifically affects
its direct membrane binding.
Nup153 Membrane Interaction Is Not Required for NPC
Assembly at the End of Mitosis
We used Xenopus egg extracts to assess whether the membrane
binding capacity of Nup153 is important for the assembly and
function of NPCs. Nup153 can be specifically immuno-depleted
from theseextractswithout affecting the levels of other nucleopor-
ins, including TPR and Nup50 as well as two components of the
Y-complex, Nup133, and Nup107, which interact with Nup153
within intact NPCs (Figure 2C). Similarly, the levels of lamin LIII, a
Xenopus B-type lamin, and components of the nuclear transport
machinery (Ran, importin a and b, transportin) were unchanged.DevelWhen de-membranated sperm heads are incubated with egg
extracts, a NE forms around the decondensing chromatin in a
process resembling the reassembly of the nucleus at the end of
mitosis (Gant andWilson, 1997). TheNEcontainsNPCs visualized
with the antibody mAB414, which recognizes several FG nucleo-
porins, as seen in the control (mock) depletion (Figure 2D). When
Nup153 was depleted, the protein was absent from the nuclear
rimconfirming thedepletionefficiency. Theassemblednuclei con-
tained a closedNEwithNPCs thatwere unevenly distributed. This
NPC clustering phenotype upon Nup153 depletion has been
previously observed (Walther et al., 2001) and is best visualized
by surface renderingof confocal stacks (Figure 2D). Addition of re-
combinant Nup153 to endogenous levels (see Figure 2C) rescued
the NPC clustering phenotype (Figures 2D–2F) demonstrating
its specificity. NPC clustering was also rescued by the Nup153
membrane-binding mutant, which indicates that the Nup153
membrane interaction is not required for proper NPC spacing.
Depletion of Nup153 did not affect the localization and regular
distribution of lamin B or integral inner nuclear membrane pro-
teins, such as LBR or BC08. Several nucleoporin antibodies
including those recognizing the integral pore membrane protein
POM121, the Y-complex members Nup133 and Nup107 as wellopmental Cell 33, 717–728, June 22, 2015 ª2015 Elsevier Inc. 719
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Figure 2. Nup153 Membrane Binding Is Not
Required for Its NPC Targeting and NPC
Assembly at the End of Mitosis
(A) HeLa cells were co-transfected with triple-
EGFP human Nup153 or the corresponding V47E
mutant and mCherry-Nup62 or mCherry-lamin B
and analyzed by live cell imaging. Insets show the
nuclear surface at a 1.5-fold higher magnification.
(B) HEK293 cells were mock transfected, trans-
fectedwith triple-EGFP humanNup153 or the V47E
mutant. Inputs and immunoprecipitates from cell
lysates were analyzed by western blotting.
(C) Western blot of mock-depleted, Nup153-
depleted (DNup153), and Nup153-depleted Xen-
opus egg extracts supplemented with recombinant
wild-type Nup153 or the membrane-binding
mutant (Nup153 V47E).
(D) Nuclei assembled for 120 min in extracts
generated as in (C) were analyzed by immunoflu-
orescence for Nup153 (green) and mAB414 (red).
DNA was stained with DAPI (blue) and membranes
with DiIC18 (fourth row, red). The fifth row shows
the surface rendering of confocal stacks of
mAB414-labeled nuclei.
(E) Quantification of chromatin substrates with
closed NEs. Columns are the average of six inde-
pendent experiments with individual data points
(each 100 randomly chosen chromatin substrates)
indicated.
(F) Quantification of nuclei with NPC clustering
identified by mAB414 staining (mean of six inde-
pendent experiments with individual data points
[100 chromatin substrates each] indicated).
(G) Immunofluorescence on nuclei assembled as in
(D). Chromatin is stained with DAPI (blue).
Bars, 10 mm. See also Figure S2.as the Nup93 complex members Nup155 and Nup53 showed
a patchy staining (Figures 2G and S2B). These observations
demonstrate that the structural backbones of NPCs can
assemble in the absence of Nup153. Furthermore, Nup58 as a
central transport channel nucleoporin (Figure S2B) is also pre-
sent at NPCs lacking Nup153. Consistent with previous reports,
TPR was not detectable at Nup153-depleted nuclei, as it de-
pends on this interaction for NPC localization (Hase and Cordes,720 Developmental Cell 33, 717–728, June 22, 2015 ª2015 Elsevier Inc.2003; Walther et al., 2001). Re-addition
of recombinant wild-type or membrane-
binding-deficient Nup153 rescued not
only the NPC clustering phenotype but
also TPR recruitment. This is consistent
with the notion that the V47E mutation
does not interfere with TPR binding
(Figure 2B).
Taken together, these results suggest
that the membrane binding capability of
Nup153 is not crucial for NPC assembly
at the end of mitosis. The interaction of
Nup153 with membranes is not manda-
tory for proper NPC spacing, as the
V47E mutant also rescues the NPC clus-
tering phenotype. However, we observed
that the nuclei assembled in the presenceof the V47E mutant were smaller in comparison to the wild-type
addback (Figures 2D, 2G, and S2B). Similarly, nuclei lacking
Nup153 were smaller than control nuclei.
Nup153 Membrane Interaction Is Not Required for
Efficient Nuclear Import
The addition of membranes to sperm DNA decondensed in egg
extracts results in a fully closed NE-containing NPCs within
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Figure 3. Nup153 Membrane Interaction Is
Not Important for Nuclear Import Efficiency,
but Rather for Interphasic NPC Assembly
(A) Nuclei were assembled in mock, Nup153-
depleted extracts, or Nup153-depleted extracts
supplemented with Nup153 or the V47E mutant.
After closed NE formation, import rates for soluble
M9 and cNLS cargos as well as for a trans-
membrane (TM) cargo were determined (average of
two independent experiments, individual data
points are indicated).
(B) Nuclei assembled as in (A) were fixed after
120 min, and NPCs per nucleus were counted
based on mAB414 staining. Where indicated,
interphasic NPC assembly was blocked by
importin b addition after 50 min (average from a
total of 50 nuclei in five independent experi-
ments, normalized to the mock control; error bars
are SEM).
(C) Nuclei assembled as in (A) for 50 min were
supplemented with cytosol depleted of FG
nucleoporins in addition to being either mock
depleted or Nup153 depleted. After a further
60-min incubation, fluorescein isothiocyanate
(FITC)-labeled 70 kDa dextran and Hoechst
were added, and the percentage of nuclei with
nuclear dextran, i.e., those in which interphasic
NPC assembly occurred, was determined
(average of three independent experiments, each
comprising 100 nuclei; individual data points are
indicated).
(D) Nuclei were assembled as in (A) and re-isolated
after 30, 50, and 120 min. Nucleoporin levels were
determined by quantitative western blotting.
Plotted are the averages from three independent
experiments, individual data points are indicated.
In the lower panel, importin b was added after
30 min to block interphasic NPC assembly.20 min. After this assembly, which reproduces nuclear reforma-
tion at the end of mitosis, the nuclei grow in size—the extent to
which depends on the extract quality and an ATP re-generating
system—for another 180 min. This nuclear growth requires
import of nuclear proteins through NPCs. During this time, new
NPCs integrate into the growing NE (D’Angelo et al., 2006) in a
process reproducing interphasic NPC assembly, which, in turn,
allows for more import and accelerated growth.
Nup153 contributes to the efficiency of nuclear transport
cycles (Ogawa et al., 2012; Walther et al., 2001). We therefore
tested whether the Nup153 membrane interaction is necessary
for its role in nuclear import. We added different nuclear import
substrates to nuclei assembled for 30 min in vitro (i.e., 20 min
after addition of membranes), which is the time point when a
closed NE had formed. Nuclear import rates for soluble cargos
can be determined by the time-dependent protection of different
import substrates from a cytoplasmic protease as they accumu-
late in the nucleus (described in Theerthagiri et al., 2010). The
translocation of integral membrane proteins from the ER to the
inner nuclear membranes can be assessed in a similar way
when the reporter is reconstituted into liposomes, which are
then added to the assembly reactions and integrated into theDevelER. Compared tomock reactions, nuclei depleted of Nup153 ex-
hibited reduced import of a soluble import cargo with a classical
bipartite nuclear localization signal (cNLS cargo), which is
imported in an importin a/b-dependent manner (Figure 3A). In
contrast, import of a transportin-dependent cargo (containing
an M9 sequence) was not affected by Nup153 depletion. The
dependency of the importin a/b import pathway on Nup153
has been previously reported (Walther et al., 2001). Import of
the cNLS-containing cargo was rescued by the re-addition of
either wild-type or membrane-binding-deficient Nup153. Trans-
port of a transmembrane cargo through NPCs was not affected
by Nup153 depletion or the addition of either wild-type or mem-
brane-binding-deficient Nup153. These results demonstrate that
themembrane interaction of Nup153 is not important for efficient
nuclear import.
Nup153 Is Necessary for Interphasic NPC Assembly
We next tested whether interphasic NPC assembly was affected
by Nup153 depletion. Nuclei were assembled for 120 min, and
individual NPCs were counted using mAB414 staining (D’Angelo
et al., 2006; Vollmer et al., 2012). Addition of 2 mM importin
b, which blocks interphasic NPC assembly (D’Angelo et al.,opmental Cell 33, 717–728, June 22, 2015 ª2015 Elsevier Inc. 721
2006), to nuclei formed under control conditions resulted in a
reduction in the number of NPCs per nucleus by approximately
60% when added 50 min after starting the reaction (Figure 3B).
Depletion of Nup153 caused a severe reduction in NPC number,
which was not further affected by the addition importin b. Re-
addition of wild-type Nup153 but not the membrane-binding-
deficient V47E mutant rescued the reduced number of NPCs
formed to nearly wild-type levels. These data suggest that
NPC formation during interphase requires Nup153, specifically
in its capacity to bind the NE.
The antibody mAB414 recognizes several FG nucleoporins
including Nup153 (Sukegawa and Blobel, 1993). Although
we did not employ overall staining intensity as readout for
NPC numbers but counted individual NPC-containing spots
on the NE, this procedure might be considered as biased
due to the loss of a major antigen. Furthermore, counting
might also be affected by the NPC clustering observed in
Nup153-deficient nuclei. We therefore employed an assay for
interphasic NPC assembly that is independent of mAB414
staining. In this setup, interphasic NPC assembly proceeds in
the presence of extract depleted of the nucleoporins forming
the permeability barrier of the pore. Nuclei with newly inte-
grated NPCs lack this barrier and can be visualized by an influx
of fluorescently labeled dextrans (Dawson et al., 2009; Vollmer
et al., 2012). It should be noted that each nucleus is counted as
either competent or deficient for interphasic NPC assembly.
The addition of importin b, for example, completely inhibited
interphasic NPC assembly monitored by dextran influx.
Dextran influx was blocked in nuclei formed in the absence of
Nup153, consistent with a block in interphasic NPC assembly
(Figure 3C). Wild-type Nup153 but not the V47E mutant
rescued interphasic NPC assembly based on dextran influx
(Figure 3C).
As an alternativemeans to assess the increase in NPCs, we re-
isolated the chromatin substrate in the assembly reactions at
different time points and quantified the relative abundance of
Nup107, Nup62, and Nup53 as members of the Y-complex,
Nup62 complex, and Nup93 complex, respectively (Figure 3D).
In mock-depleted extracts the levels of these nucleoporins re-
isolated with the chromatin increases over time. However, this
accumulation is not observed in Nup153-depleted extracts.
The addition of wild-type Nup153 but not the V47E mutant res-
cues the depletion phenotype. Also in this assay, addition of
importin b 30 min after initiation of nuclear assembly blocks the
time-dependent increase in NPCs on the chromatin indicating
that this experimental setup is a valuable readout for NPC as-
sembly in the NE. It thus suggests that the increase in Nup107,
Nup62, and Nup53 levels from 50 to 120 min represents inter-
phasic NPC assembly.
Having identified an essential role for Nup153 and specifically
its membrane interaction in interphasic NPC assembly, we
wondered how Nup153 could function in this process. Two
known Nup153 interactors are necessary for interphasic NPC
assembly, Ran, and the Y-complex (D’Angelo et al., 2006; Dou-
cet et al., 2010). Ran is most likely required to release import
receptors from targets that are crucial for NPC assembly. Mean-
while the Y-complex is a structural component of NPCs. We
speculated that Nup153 might localize these crucial compo-
nents to the inner nuclear membrane.722 Developmental Cell 33, 717–728, June 22, 2015 ª2015 Elsevier INup153 Recruits the Y-Complex to the Inner Nuclear
Membrane for Interphasic NPC Assembly
To assess whether Nup153-dependent recruitment of Ran or the
Y-complex to the NE is important for interphasic NPC assembly,
we generated fusion proteins containing the Nup153 membrane
binding domain (MBD, aa 1–149) and either the Y-complex
(ycBD, aa 210–338) or the Ran binding domain (RanBD, aa
658–890) of human Nup153 (Figures 4A and S3). When added
to Nup153-depleted extracts, the MBD-ycBD fusion resulted in
larger nuclei. Conversely, the Nup153 phenotype was not
rescued by the addition of either the MBD-RanBD fusion or
any construct containing a defective membrane-binding domain
(MBD V50E) (Figure 4B). Furthermore, only the MBD-ycBD
construct restored interphasic NPC assembly when Nup153
was depleted (Figures 4C–4E). These data suggest that the
requirement for Nup153 in interphasic NPC assembly is due to
its capacity for directing the Y-complex to the nuclear mem-
branes. To specifically assay interphasic NPC formation and to
visualize the Y-complex in this process, we added Y-complex,
purified from Xenopus egg extracts (see Figure S3) and fluores-
cently labeled, to pre-assembled nuclei (Figure 4F). The Y-com-
plex foci formed in this way partly overlap with wheat germ
agglutinin (WGA) staining, which labels NPCs formed both post-
mitotically and after the formation of a closed NE. They can be
either newly formed NPCs (overlapping with WGA staining,
which recognizes mostly nucleoporins of the central channel)
or NPCs that are just emerging (probably lacking a major sub-
fraction of nucleoporins recognized by WGA). The appearance
of Y-complex-containing NPCs was blocked by Nup153
depletion, confirming that interphasic Y-complex recruitment
depends on Nup153. The addition of importin b also blocked
the formation of Y-complex foci, validating the approach as a
measure of interphasic NPC assembly. Importantly, addition of
Nup153 but not the membrane-binding mutant rescued inter-
phasic NPC assembly in Nup153-depleted nuclei. In agreement
with the nuclear assembly data, the MBD-ycBD fusion protein
but not the MBD-RanBD construct rescued the formation of
Y-complex foci and thus the assembly interphasic NPCs.
Next, we asked whether we could directly recruit the Y-com-
plex to the inner nuclear membrane thereby bypassing the func-
tion of Nup153. Nup153 Y-complex binding region or the Ran
binding region were each fused N-terminally to EGFP and at
the C terminus with the transmembrane protein BC08, yielding
EGFP-ycBD-BC08 and EGFP-RanBD-BC08 (Figure 5A). BC08
contains a C-terminal transmembrane region and efficiently tar-
gets to the inner nuclear membrane (Theerthagiri et al., 2010).
Both constructs were expressed in E. coli, purified, and reconsti-
tuted into small liposomes. To test the functionality of the fusion
proteins, these liposomes were incubated with purified Y-com-
plex or recombinant Ran and floated through a sucrose gradient.
Liposomes containing the EGFP-ycBD-BC08 protein efficiently
bound the Y-complex but not Ran, and EGFP-RanBD-BC08
liposomes bound Ran but not the Y-complex (Figure 5B). Simi-
larly, when incorporated into GUVs, EGFP-ycBD-BC08 recruited
fluorescently labeled Y-complex to the GUV membrane and
EGFP-RanBD-BC08 recruited Ran (Figure 5C).
WhenEGFP-ycBD-BC08 or EGFP-RanBD-BC08-containing li-
posomes were added to nuclear assembly reactions, they effi-
ciently targeted to the inner nuclear membrane (Figures 5D andnc.
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Figure 4. Membrane Recruitment of the
Y-Complex Is Important for Interphasic
NPC Assembly
(A) Schematic representation of the Nup153 fusion
constructs. The Nup153 membrane binding
domain (MBD) and the corresponding V50E
mutant were fused to the Y-complex (ycBD) and
the Ran-interacting region (RanBD).
(B) Nuclei were assembled in mock-depleted,
Nup153-depleted, and Nup153-depleted extracts
supplemented with the different MBD-fusions.
Samples were fixed after 120 min and visualized
using mAB414 (red), and Nup153 immunofluo-
rescence. DNA was stained with DAPI (blue in
overlay). Please note that the MBD-fusions are
detected as the Nup153 antibody is directed
against the Nup153 N terminus. Bar, 10 mm.
(C) NPC numbers in nuclei assembled as in (B)
were determined using mAB414 staining as in
Figure 3B (average from 30 nuclei from three
independent experiments).
(D) Nuclei were assembled as in (B) and inter-
phasic NPC assembly was analyzed by dextran
influx as in Figure 3C.
(E) Nuclei were assembled as in (B). Chromatin
was re-isolated at indicated time points, and nu-
cleoporin levels were determined as in Figure 3D.
(F) Nuclei were assembled in mock-depleted,
Nup153-depleted, and Nup153-depleted extracts
supplemented with wild-type Nup153, the
membrane-binding mutant (Nup153 V47E) or the
different MBD fusions. Purified Alexa-488-labeled
Y-complex (green) was added after 50 min and
after another 60 min Alexa-594-WGA (red) for
10 min. Samples were fixed and the NE analyzed
for WGA-positive structures, i.e., NPCs. Where
indicated, interphasic NPC assembly was blocked
by addition of importin b together with the
Y-complex. Bars, 1 mm.
See also Figure S3.S4C). Interestingly, Nup153 depletion resulted in larger nuclei
when EGFP-ycBD-BC08 was incorporated compared to EGFP-
RanBD-BC08 nuclei. Most importantly, EGFP-ycBD-BC08 but
notEGFP-RanBD-BC08 incorporation into thenuclearmembrane
restored interphasic NPC assembly when Nup153 was depleted
(Figures 5E–5G and S4B). We conclude that recruitment of the
Y-complex to the inner nuclear membrane is sufficient to bypass
the requirement for full-length Nup153 in interphasicNPCassem-
bly in vitro. Thus, the crucial function of Nup153 in interphasic
NPC assembly is to direct the Y-complex to the newly formingDevelopmental Cell 33, 717–7NPCs at the NE. This is consistent with
the fact that a Nup153 construct lack-
ing the Y-complex binding site cannot
substitute Nup153 in interphasic NPC
assembly (Figures S4E–S4G).
Annulate Lamellae Formation
Depends on Nup153 Membrane
Interaction
NPCscan assemble outside the nucleus in
themembranesof theER forming annulatelamellae (AL). AL form in egg extracts in the absence of chromatin,
and this process is highly induced upon addition of the constitu-
tively activeRanmutantQ69L,which is blocked in theGTP-bound
state (Walther et al., 2003b). We wondered whether this NPC
assembly mode also depends on Nup153 and specifically on its
membrane targeting capability. Membranes were incubated with
control or Nup153-depleted cytosol, re-isolated, and analyzed
by western blotting (Figures 6A and 6B). As expected, addition
of RanQ69Lstrongly inducedAL formation in control extracts, evi-
denced by an increased presence of Nup107, Nup62, and Nup5328, June 22, 2015 ª2015 Elsevier Inc. 723
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Figure 5. InnerNuclearMembraneTethering
of the Y-Complex Bypasses the Nup153
Necessity for Interphasic NPC Assembly
(A) Schematic representation of the Nup153 fusion
constructs. The Y-complex and the Ran-interact-
ing region, flanked by EGFP (green) and the inner
nuclear membrane protein BC08, yield EGFP-
ycBD-BC08 or EGFP-RanBD-BC08, respectively.
(B) EGFP-ycBD-BC08 or EGFP-RanBD-BC08 was
reconstituted into NE liposomes and incubated
with Y-complex or Ran. Start material (50% for the
EGFP-ycBD-BC08 or EGFP-RanBD-BC08, 30%
for the Y-complex and Ran) and top fractions were
analyzed using EGFP, Nup160, Nup133, Nup107,
and Ran antibodies.
(C) EGFP-ycBD-BC08 or EGFP-RanBD-BC08
were reconstituted into NE lipid GUVs and mem-
brane recruitment of Alexa-546-labeled Y-com-
plex or Ran was analyzed.
(D) Nuclei were assembled in mock or Nup153-
depleted extracts supplemented with empty,
EGFP-ycBD-BC08, or EGFP-RanBD-BC08-con-
taining liposomes. Samples were fixed after
120 min and visualized using EGFP (green) and
immunofluorescence for mAB414 (red). DNA was
stained with DAPI (blue).
(E) NPC numbers in nuclei assembled as in (D)
were determined using mAB414 staining as in
Figure 3B (average from 30 nuclei from three
independent experiments).
(F) Nuclei were assembled as in (D) and interphasic
NPC assembly analyzed by dextran influx as in
Figure 3C.
(G)Nucleiwere assembledas in (D).Chromatinwas
re-isolated at indicated time points, and nucleo-
porin levels were determined as in Figure 3D.
Bars, 10 mm. See also Figure S4.in the re-isolated membrane fraction. The transmembrane pore
proteins POM121, GP210, and NDC1were found in equal quanti-
ties, independent of the presence of RanQ69L. Reticulon 4, an ER
marker, was used to control for equal membrane re-isolation
efficiency. Nup153 depletion severely reduced the quantity of sol-
uble nucleoporins re-isolated with membranes. Furthermore, the
addition of RanQ69L did not result in increased re-isolation of
the soluble nucleoporins as was seen in mock-depleted extracts,
indicating a block in AL formation. Addition of wild-type Nup153,
but not theNup153mutant defective for directmembranebinding,
to depleted extracts rescued AL formation. Analysis of the re-724 Developmental Cell 33, 717–728, June 22, 2015 ª2015 Elsevier Inc.isolated membrane fraction by electron
microscopy showed AL in mock and
Nup153-depleted extracts supplemented
with the wild-type protein but not in
depleted extracts supplemented with the
V47Emutant (Figure 6C). Thus, these data
indicate that Nup153membrane binding is
also required for NPC assembly in the ER.
Transportin Regulates Nup153
Membrane Interaction
Having identified a Nup153 membrane
interaction that is crucial for both inter-phasic NPC assembly and AL formation, we wondered why the
protein does not localize to cytoplasmic membranes under
normal growth conditions but is rather specifically found at
the NE (Figures 1F, S1C, and 2A). The N-terminal region of
Nup153 interacts with transportin and mediates its import to
the nucleus, a pre-requisite for its incorporation in NPCs (Bastos
et al., 1996; Enarson et al., 1998; Nakielny et al., 1999; Shah and
Forbes, 1998; Figure S5). Rapid transportin-dependent import of
Nup153 might prevent its membrane association outside of the
nucleus. We wondered whether transportin interaction could
also directly affect Nup153 membrane binding similar to
A B
C
Figure 6. Nup153 Membrane Interaction Is
Required for AL Formation
(A) Mock, Nup153-depleted cytosol, or Nup153-
depleted cytosol supplemented with Nup153 or
the V47E mutant were incubated for 4 hr with
membranes and where indicated with RanQ69L.
10% of the start material and the re-isolated
membranes were analyzed. Reticulon 4 (RTN4)
serves as an ER marker.
(B) Quantification of Nup62 re-isolated with
membranes (average intensity value from three
independent experiments performed as in A),
normalized to mock control in the absence of
RanQ69L).
(C) Transmission electron microscopy of re-iso-
latedmembranes as in (A) in the presence of 10 mM
RanQ69L. Insets show a 3-fold higher magnifica-
tion. Bar, 500 nm.Kap123, which regulates membrane interaction of the spindle
body component Nbp1p and the C-terminal domain of the trans-
membrane nucleoporin Pom33p in yeast (Floch et al., 2015;
Kupke et al., 2011). To test this, the N terminus of Nup153 was
employed in liposome flotation assays after pre-incubation
with transportin. The presence of transportin strongly reduced
the ability of Nup153 to interact with membranes (Figure 7A).
Importin b, a related import receptor that does not bind to
this region, had no effect on the membrane binding of
Nup153. Addition of RanQ69L, which releases import receptors
including transportin from their cargos, reversed the inhibitory
effect of transportin. Together, these data indicate that
transportin inhibits Nup153 membrane binding and that this
block is released by RanGTP. As high RanGTP concentrations
are found in the nucleus, it is conceivable that Nup153 can
only function as a membrane-interacting protein once it has
reached the nucleus.
DISCUSSION
Here, we show that Nup153 can directly interact with mem-
branes via an N-terminal amphipathic helix. This membrane
interaction is important for interphasic NPC assembly as well
as AL formation. During interphasic NPC assembly, Nup153
recruits the Y-complex, a crucial structural component of newly
forming pores, to the inner nuclear membrane. Transportin bind-
ing to Nup153 inhibits its membrane interaction presumably by
masking the membrane interaction surface of Nup153. Taken
together, our results imply a model in which transportin binding
to Nup153, following its synthesis in the cytoplasm, would
prevent Nup153 from interacting with membranes outside of
the nucleus (Figure 7B). After translocation through NPCs,
Nup153 is released from transportin due to high nucleoplasmicDevelopmental Cell 33, 717–7concentrations of RanGTP. The liberated
Nup153 interacts with the inner nuclear
membrane and recruits the Y-complex
to this locality where it functions in inter-
phasic NPC assembly.
NPC assembly, both at the end of
mitosis and in interphase, is regulatedby Ran and transport receptors (D’Angelo et al., 2006; Walther
et al., 2003b). At the end of mitosis, the chromatin binding nucle-
oporin MEL28 is a critical Ran-regulated target (Franz et al.,
2007; Rotem et al., 2009). Our data suggest that Nup153 acts
during interphasic NPC assembly as an important Ran target.
In the different assembly modes, MEL28 or Nup153, once liber-
ated from the inhibitory effect of importin b or transportin, could
recruit the Y-complex to NPC assembly sites.
The Y-complex as a basic structural component of the NPC is
crucial for NPC formation both at the end of mitosis and during
interphase (D’Angelo et al., 2006; Doucet et al., 2010; Harel
et al., 2003; Walther et al., 2003a). Nup153 is dispensable for
NPC assembly at the end of mitosis (Figure 2) as previously
observed (Walther et al., 2001). Although NPCs cluster upon
Nup153 depletion, the number of NPC assembled by the postmi-
totic mode are most likely not reduced. Nuclei reisolated after
30 min, at which point most NPCs would have been assembled
in the postmitotic mode, do not contain strikingly different quan-
tities of Nup107, Nup62, or Nup53 when Nup153 is depleted
(Figure 3D). Furthermore, the fact that nuclear import of both
M9 and transmembrane cargoes is not affected at this time
point, argues for comparable NPC numbers. At the end of
mitosis, NPC assembly is initiated on the decondensing chro-
matin by MEL28, which recruits the Y-complex (Franz et al.,
2007; Gillespie et al., 2007; Rasala et al., 2006; Figure 7B). How-
ever, MEL28 has been reported to be dispensable for interphasic
NPC assembly (Doucet et al., 2010), most likely because it is initi-
ated at the NE. During interphase, it is Nup153 that acts as the
crucial Y-complex recruitment factor at the inner nuclear
membrane in a, presumably, chromatin-independent manner.
Accordingly, AL formation is Nup153 dependent but does not
require MEL28, as it is initiated at the membrane in the absence
of chromatin. Loss of MEL28 actually induces AL formation,28, June 22, 2015 ª2015 Elsevier Inc. 725
AB
Figure 7. Transportin Regulates Nup153
Membrane Interaction and Might by that
Function in Interphasic NPC Assembly
(A) 3 mM of the Xenopus Nup153 N terminus was,
where indicated, pre-incubated with 5 mM trans-
portin, 5 mM importin b, or 5 mM transportin along
with 15 mMRanQ69L. Proteins were incubated with
fluorescently labeled NE liposomes and floated
through a sucrose gradient. Top gradient fractions
and input materials were analyzed by western blot.
For quantification from two independent experi-
ments, liposome binding was normalized to the
untreated Nup153 N terminus.
(B) Model for transportin and Nup153 function in
interphasic NPC assembly (left panel). Transportin
binding to Nup153 in the cytoplasm prevents its
membrane interaction and mediates its nuclear
import. In the nucleus, RanGTP releases trans-
portin fromNup153, which becomes free to interact
with the inner nuclear membrane and to recruit the
Y-complex for interphasic NPC assembly. In
contrast, at the end of mitosis (right panel), MEL28/
ELYS recruits the Y-complex to chromatin and
NPC assembly sites without an essential contribu-
tion from Nup153.
See also Figure S5.presumably because it prevents postmitotic NPC assembly from
being initiated on the chromatin (Franz et al., 2007).
Although Nup133, a component of the Y-complex, possesses
an evolutionary conserved amphipathic helix (Drin et al., 2007;
Kim et al., 2014), it does not seem to be sufficient to target the
Y-complex to the inner nuclear membrane during interphasic
NPC assembly. One possible explanation is that the Nup153
and Nup133 membrane interaction motifs need to act together
to possess sufficient affinity for the inner nuclear membrane. In
addition, other interactions, such as those occurring between
the transmembrane nucleoporin POM121 and the Y-complex
(Mitchell et al., 2010; Yavuz et al., 2010) might contribute. While
a fragment containing this Nup133 motif does bind liposomes
(Figure 1A), the assembled Y-complex does not detectably
bind liposomes or GUVs (Figures 5B and 5C), which might, how-
ever, be explained by the larger vesicle sizes (Figure S4A).
Whether the Nup153 mediated membrane recruitment of the
Y-complex is the initial step of interphasic NPC assembly is an
open question. Due to the experimental setup of the interphasic
NPC formation assay, it is difficult to determine the precise as-
sembly order as it was done for the postmitotic NPC formation
pathway (described in Schooley et al., 2012). The amphipathic
helix of Nup133 has been proposed to target the Y-complex to
the highly curved pore membrane during interphasic NPC as-
sembly (Doucet et al., 2010). The amphipathic helix of Nup153
shows a similar preference for high curvature (Figure 1B) and726 Developmental Cell 33, 717–728, June 22, 2015 ª2015 Elsevier Inc.can induce membrane tubulation in vitro
(Figure S1B). However, it is of course diffi-
cult to distinguish whether these observa-
tions represent a curvature sensing or
inducing function. In other words, it is
unclear whether Nup153 itself initiates
interphasic pore assembly by inducing
membrane curvature or whether it bindsalready curved membranes. If Nup153 only binds highly curved
membranes, its recruitment would necessarily be preceded by
proteins inducing pore formation, such as Nup53, reticulons,
and POM121 (Dawson et al., 2009; Doucet et al., 2010; Dultz
and Ellenberg, 2010; Vollmer et al., 2012). Interestingly, the
fact that the fusion of Nup153’s Y-complex binding region to
an inner nuclear membrane protein can replace Nup153 in inter-
phasic NPC assembly suggest that Nup153 induced membrane
curving might not be critical for its function in interphasic NPC
formation.
In summary, our work identifies a crucial function for Nup153
in interphasic NPC assembly. We provide insight on an inter-
esting mechanistic difference between NPC assembly at the
end of mitosis and during interphase. Whereas postmitotic
assembly is initiated by the MEL28-mediated recruitment of
the Y-complex to chromatin, interphasic NPC formation crucially
requires Nup153 to interact with the inner nuclear membrane to
localize the Y-complex to nascent assembly sites. It is currently
unclear whether Nup153 recognizes a distinct feature at the site
of the newly forming NPC, and this will be an interesting avenue
for future research.EXPERIMENTAL PROCEDURES
Nuclear assemblies, immunofluorescence, electronmicroscopy, generation of
affinity resins, sperm heads, and floated unlabeled or DiIC18-labeled
membraneswere carried out as described (Eisenhardt et al., 2014). Interphasic
NPC assembly using dextran influx was performed as in Vollmer et al. (2012).
Nuclear import assays using EGFP-NPM2 (importin a/b-dependent cargo),
EGFP-Nplc-M9-M10 (transportin-dependent cargo), and EGFP-LBR (aa
146–258), re-isolation of nuclei for western blotting, as well as NPC counting
are described in Theerthagiri et al. (2010). Liposome generation and flotations
were done as in Eisenhardt et al. (2014) and Vollmer et al. (2012). Pure lipid and
EGFP-ycBD-BC08/EGFP-RanBD-BC08-containing GUVs were generated as
described (Lorenz et al., 2015); see also Supplemental Experimental Proce-
dures in the Supplemental Information.
To visualize the Y-complex on newly assembling NPCs, the purified com-
plex was labeled with Alexa 488. 50 min after initiation of the nuclear assembly
reaction, 10 ml of the sample was supplementedwith 0.25 ml Alexa-488-labeled
Y-complex (approximately 0.05 mg/ml). Where indicated, interphasic NPC
assembly was inhibited by addition of 2 mM importin b at this time point. After
an additional 60 min, 0.15 ml 0.25 mg/ml Alexa-594-labeled WGA (Life Technol-
ogies) was added. Samples were fixed after additional 10 min in 2% parafor-
maldehyde in 80 mM Pipes (pH 6.8), 1 mM MgCl2, and 150 mM sucrose and
spun through a sucrose cushion on poly-L-lysine coated coverslips. Samples
were imaged with a confocal microscope LSM780 (Zeiss) equipped with an
Apochromat 633/1.40Oil DICM27 objective with the following acquisition set-
tings: 24-mm pinhole for track 488 nm and 16-mm pinhole for track 561 nm;
scaling X = 0.082 mm, Y = 0.082 mm, Z = 0.236 mm; zoom = 5.0–7.53 and 19
to 45 slices per nucleus. 5 mm square of the best in focus slice at the bottom
surface of the nucleus was selected, and the two channels were merged.
For quantifying nucleoporin levels on assembling nuclei, chromatin was iso-
lated following a slightly modified version of the protocol described in (Baur
et al., 2007). 20 ml of a nuclear assembly reaction was diluted in 1 ml sperm
isolation buffer (20 mM Tris-HCl [pH 7.4], 70 mM KCl, 10 mM EDTA, 2 mM
DTT, and 2% polyvinylpyrolidone), and chromatin was recovered by centrifu-
gation through 0.5 ml of a 1.3 M sucrose cushion at 5000 3 g for 10 min in an
Eppendorf cooling centrifuge. After carefully removing the supernatant, the
nuclei were re-suspended in 20 ml SDS sample buffer and analyzed by western
blotting using a-Nup107, a-Nup53, andmAB414 antibodies (to detect Nup62).
To block interphasic NPC assembly, we added 2 mM importin b 30 min after
initiation of the assembly reaction (i.e., 20 min after addition of membranes)
as postmitotic NPC assembly is usually completed at this time point (i.e., chro-
matin is by then enclosed by an nuclear envelope).
AL were assembled in 15 ml Xenopus egg extract cytosol supplemented with
1.5 ml floated membranes, glycogen, and an energy regenerating system
(Eisenhardt et al., 2014). After 4 hr at 20C, samples were processed for elec-
tronmicroscopy or diluted in 1ml sucrose buffer. Membranes were pelleted by
centrifugation (10 min at 15,000 3 g), washed, and analyzed by western
blotting.
Antibodies, protein expression, and purification as well as the transfection
experiments are described in detail in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and one movie and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2015.04.027.
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